Summary. The insulin, glucagon, somatostatin and pancreatic polypeptide content of acid-ethanol extracts of pancreas from lean and obese (ob/ob) mice of various ages was determined by radioimmunoassay. Rat and mouse pancreatic polypeptide react weakly with antibodies to avian, bovine and canine pancreatic polypeptide, but immunoassay for this peptide was possible using an antibody to the carboxyl-terminal hexapeptide of bovine pancreatic polypeptide and amino-terminal labelled bovine pancreatic polypeptide as tracer. The insulin, glucagon and pancreatic polypeptide content of pancreas from obese mice was greater than that of lean controls. The increase in insulin content uniformly involved ventral, dorsal and splenic lobes. Glucagon content was elevated primarily in the splenic lobe. Pancreatic polypeptide content was most significantly elevated in the splenic lobe where pancreatic polypeptide ceils are infrequent in normal lean mice and this was accompanied by increased numbers of pancreatic polypeptide cells per islet in this lobe.
The characteristics of the endocrine pancreas in several strains of congenitally obese mice have been studied extensively [1] . In the ob/ob strain, such studies have shown an increase in islet cell mass resulting primarily from hypertrophy and hyperplasia of/~ cells [1] [2] [3] [4] and associated with increased pancreatic insulin content [5] [6] [7] . There is also a significant, but less marked, increase in pancreatic glucagon content in adult ob/ob mice [4] . The situation with regard to somatostatin is less clear. There are two reports of decreased somatostatin concentration in islets from ob/ob mice compared with lean controls [8, 9] . Makino et al. [10] found the somatostatin content of tissue from obese and lean animals to be similar. However, Dolais-Kitabgi et al. [11] found the somatostatin content to be significantly increased. These authors also reported increased insulin and glucagon content in obese mice.
Several reports have now appeared which indicate that pancreatic polypeptide (PP) also may be involved in the ob/ob syndrome. Malaisse-Lagae et al. [12, 13] observed a decreased relative abundance of PP and somatostatin cells in the islets of ob/ob mice. They treated these mice with twice daily injections of bovine PP for 12 days and observed arrested weight gain compared with saline-injected obese mice. There was also a modest decrease in food intake [13] . The potential involvement of an islet factor in the ob/ob syndrome was demonstrated by Strautz [14] , when he studied the implantation of islets from lean mice into obese animals. Gates et al. [15, 16] studied New Zealand obese (NZO) mice using the same implantation technique and observed that the implanted islets corrected the hyperglycaemia and hyperinsulinaemia and slowed weight gain. They demonstrated further that injections of either avian or bovine PP, but not somatostatin or other peptides, produced the same effect as islet implantation [17] . Using an immunoassay based on antibody to human PP, they estimated that the NZO animals had PP plasma levels much lower than lean controls. Gingerich et al. [18] reported an increase in the number of PP cells in islets from ob/ob mice as well as increased PP content of the pancreas. Finally, Mordes et al. [19] gave ob/ ob mice and lean littermates continuous infusions of bovine PP, using miniature osmotic pumps, and found that the obese animals lost weight and developed diarrhoea. Lean controls were not affected by the same treatment.
These results suggest an abnormality in PP secretion and indeed several clinical studies have reported reduced PP secretion in obese subjects in response to a physiological stimulus [20, 21] . This change is especially striking in children with Prader-Willi syndrome [22] .
Extension of studies in obese mice has been hampered by the lack of a sensitive immunoassay since none of the usual antibodies to avian or mammalian PP reacts well with extracts of mouse or rat pancreas. The purpose of this study was to develop a radioimmunoassay for rat and mouse PP, using antibody raised to the carboxyl-terminal hexapeptide of bovine PP, and to apply this immunoassay to extracts of pancreas from ob/ ob mice and lean littermates. The pancreatic content of insulin, glucagon and somatostatin was estimated also.
Materials and methods
Bovine PP and rabbit anti-serum to human and bovine PP (615-R110-146-t6) were generously supplied by Dr. R. E. Chance, Eli Lilly, Indianapolis, Indiana, USA. Canine PP was prepared in our laboratory as described previously [23] . Antiserum to avian PP and canine PP were raised in rabbits. Rabbit antiserum to the carboxyl-terminal hexapeptide of bovine PP (PP-221-5) and rabbit anti-glucagon serum (YY 57) were generously donated by Dr. M. O'Hare and Professor K. Buchanan, Institute of Clinical Science, Belfast, Northern Ireland. Goat anti-rabbit IgG and anti-guinea pig IgG were purchased from Antibodies Inc., Davis, California, USA.
Somatostatin, bombesin, substance P, and caerulein were purchased from Sigma Chemicals, St.Louis, Missouri. 12sI-insulin, 125I-Tyr-l-somatostatin and a2SI-glucagon were purchased from New England Nuclear, Boston, Massachusetts, USA.
Obese hyperglycaemic mice (ob/ob on the C 57/6 J strain) were obtained from Jackson Laboratories, Bar Harbor, Maine and from our own colony established from that strain. Obese animals (ob/ob) were identified by measurement of: (1) body weight, (2) fasting serum glucose level and (3) fasting serum insulin concentration. For the latter determinations, the animals were fasted 4-5 h and blood was collected from the orbital sinus. In 1-month-old mice, body weight was not reliable in identifying obese animals, but elevation of serum glucose and insulin levels were significant, even at this early age and provided a basis for early selection of obese animals. Lean littermates (+/9.) were used as controls. Comparative data on body weight and serum glucose levels in both groups are shown in Figure 1 .
For study of the pancreas, animals were fasted 4-5 h and then sacrificed under methoxyfluorene anaesthesia. The entire pancreas, with attached spleen, stomach and duodenum, was removed as a unit and then the pancreas was divided into ventral, dorsal, and splenic segments using criteria given by Baetens et at. [241. After careful removal of adipose tissue, the individual segments were weighed and the peptide hormones were extracted with acid ethanol [23] .
Radioimmunoassays for insulin, glucagon, somatostatin and pancreatic polypeptide were performed on several dilutions of the pancreatic acid alcohol extracts to ascertain that data were not derived from extremes of the standard curves. The insulin assay utilized a modification of the double-antibody procedure of Morgan and Lazarow [251. A previously reported immunoassay was used to estimate glucagon [26] . Immunoassay for somatostatin used the procedure of Lindall [27] . Minimum detectable dose in this assay was approximately 8 pg/tube and 50% displacement of tracer occurred at 30 pg/tube.
The composition of the buffers used in the assays was: Buffer A: After an additional 24-h incubation, the tubes were centrifuged and the supernatant solutions aspirated. The precipitates were then counted. The data were analyzed as described for avian PP [28] .
Results

Immunoassay for murine PP
A number of antibodies were evaluated for their ability to react with rat or murine PP by observing displace- Non-specific binding 1. Evaluation of antiserum to the carboxyl-terminal hexapeptide involved some modifications of the method, namely a change in the type of a25I-PP used as tracer. Oxidative iodination of PP predominantly labels the carboxyl-terminal tyrosinamide [28] ; such an iodinated derivative was not bound well by the carboxyl-specific antibody (Table 1) . On the other hand, when PP was iodinated with the BoRon-Hunter reagent at the amino terminus, binding was much improved. With 125I-bovine PP labelled at the amino terminus, and carboxylspecific anti-hexapeptide serum, the dilution curves for rat, normal and obese mouse pancreatic extracts essentially parallel the standard curve for canine PP (Figs. 2  and 3 ). Because of this greatly improved sensitivity, it was possible to develop a radioimmunoassay for application to extracts of mouse pancreas.
Characteristics of the immunoassay
At a final dilution of 1 : 16,000, anti-hexapeptide serum bound approximately 50% of 48 pg of animo-terminallabelled bovine PP. The standard curve developed with canine PP is shown in Figure 4 . Fifty percent displacement of tracer occurred at levels of approximately 0.32 ng canine PP/tube. The mean minimum detectable level in 14 consecutive assays was 0.008 ng/tube. Within assay variance at the 95% confidence level was 5.8-7.4% and between assay variance was 6.0-8.0% at the same level of confidence. With bovine PP as standard, a similar but less sensitive assay was possible (minimum detectable dose 0.055ng/tube, 50% displacement at 0.67 ng/tube, Fig. 4) .
The specificity of the antiserum was studied by estimating the ability of various hormones and peptides to compete with the tracer (Table 2) . Only avian PP and glucagon showed any measurable ability to displace 125I-canine PP, but the amounts required were so large that neither was considered likely to interfere in the assay. It is possible also that the glucagon used contained a minute amount of PP. 
Hormone content of mouse pancreatic extracts
The insulin, glucagon, somatostatin, and PP contents of pancreas from lean and ob/ob mice were determined in extracts of dorsal, ventral and splenic lobes because of the known regional distribution of glucagon and PP [24] . Total pancreatic hormone content was calculated by summation of the content of the individual lobes (Fig.5) .
The well-known increase in insulin content in the pancreas of older ob/ob mice was apparent as well as the lack of change in lean controls. Glucagon content was also higher in the ob/ob animals, but the increase was only two-to threefold compared with fourfold in the case of insulin. At all ages, the PP content of extracts from ob/ob pancreas was significantly higher at a level approximately twice that of controls. Both lean and ob/ ob mouse pancreas appear to have the same somatostatin content.
The data for hormone content of the three pancreatic lobes exhibited some interesting features (Fig.6) . Firstly, the four-to fivefold increase in insulin content of pancreas from ob/ob mice uniformly involved the entire pancreas. Secondly, the increase in glucagon content involved primarily the splenic and dorsal lobes, e.g., the lobes which normally contain most A cells. Except for the extracts from 5-month-old mice, there was little increase in glucagon content in the ventral lobe. Thirdly, while PP content was highest in the ventral lobe (the lobe where PP cells normally predominate), the increase in PP content in the ob/ob pancreas, compared with controls, was apparent throughout the pancreas and in the splenic lobe was four to five times that of lean controls, especially in older animals. This finding suggests that, in addition to PP cell hypertrophy in the ventral lobe, there is actual PP cell hyperplasia in a segment of the pancreas where PP cells are scarce in normal mice.
The somatostatin content was not significantly different in the three lobes and, therefore, is not shown in Figure 6 .
Discussion
The radioimmunoassay described in this study has the specificity and precision to permit measurement of PP in pancreatic extracts. However, the assay is not sensitive enough to allow PP determinations in the small amounts of plasma available from mice. Furthermore, the success of the assay was dependent on the method of iodination of tracer bovine PP, and it was necessary to iodinate at the amino terminus with the Bolton-Hun- antigen-antibody interaction directed toward that portion of the molecule. We have recently isolated rat PP and are currently attempting to raise high titre antibodies to this peptide. The finding of increased amounts of insulin in pancreatic extracts from ob/ob mice confirms findings of others [4] [5] [6] [7] 11] , and the concentration of insulin in pancreas found by us, although a little lower, is in general agreement with these earlier reports. The same considerations hold for glucagon [4, 11] , but our data show that the increased glucagon content is predominantly in the splenic lobe and preliminary cell counts indicate no increase in number of A cells per islet, a finding which indicates that the changes represent primarily A cell hypertrophy.
In the case of PP, there is not only increased PP content but also increased numbers of PP cells, as shown by Gingerich et al. [18] . We have preliminary data which show that this increase involves the dorsal and splenic lobes where PP cells normally are few in number and indicates not only hypertrophy but also hyperplasia of PP cells. The PP content of pancreatic extracts, according to our measurements, is considerably higher than the content reported by Gingerich et al. [18] , but this is undoubtedly due to the different antiserum used by them (anti-bovine PP). Based on the dilution curve shown in Figure 3 , our values probably give a reasonably accurate value for the PP content of murine pancreas.
The somatostatin content of mouse pancreatic extracts in this study (Fig. 5) is expressed in terms of ~tg/g wet weight of tissue and is in reasonable agreement with the values for rat pancreatic extracts reported by Arimura et al. [30] . Patel et al. [8] reported somatostatin content of pancreas of mice to be 1.5 pg/~tg protein and if one assumes protein content of the tissue to be 20%, then this somatostatin content is equivalent to 0.3 ~tg/g wet weight, a value in the range of those in this study. Similar considerations hold for the data of Dolais-Kitabgi et al. [11] , although we did not observe significant increases in pancreatic somatostatin in obese animals. The data for ob/ob mice [7, 8] are given in terms of islet content and are, therefore, difficult to relate to our data.
Since previous reports point to an association between some forms of obesity and PP deficiency, it is interesting that the PP content of pancreas of ob/ob mice is elevated compared with lean controls. This finding certainly suggests a defect in the secretory mechanism, the study of which in obese mice awaits the development of a high-titre specific antibody which will permit the study of PP secretion.
ter reagent in order to obtain sufficient binding by hexapeptide antibody. This is not surprising since oxidative iodination predominantly introduces one or two iodine atoms at the carboxyl-terminal tyrosinamide [28] . Bulky iodine atoms at this position might well interfere with
